Extracellular matrix (ECM) formation by cumulus cells is an important process that determines fertilization and embryo quality. Several collagen types are present in the ovarian follicular ECM and are related to proliferation, steroidogenesis, and luteinization. In vitro mouse follicles can optimally grow and provide developmentally competent oocytes with 10 IU/L recombinant follicle-stimulating hormone (rFSH). As a model for superovulation, experiments with 100 IU/L rFSH or 100 IU/L highly purified menotropin (HP-hMG) exposure during antral growth were undertaken. Col4a1, Col4a2, and Col6a2 expression levels were analyzed at three time points during antral growth and at a 4-h interval up to 16 h after ovulation induction using quantitative PCR. The presence and induction of the collagen mRNA and protein were confirmed in cumulus from in vivo-and in vitro-grown follicles, and TGFBs 1 and 2 were assayed as potential regulators. The study revealed that exposure to 100 IU/L FSH, as in both superovulation conditions, significantly influenced the follicle morphology and slowed down nuclear maturation and mucification (P , 0.05). This coincided with an increased expression of the three collagens in the cumulusoocyte complex at the end of antral growth and in the first hours following the ovulatory dose of human chorionic gonadotropin (P , 0.05). The increased expression might reflect a differentiation but is most likely due to a precocious luteinization of the cumulus. Growth in HP-hMG resulted in higher Tgfb1 mRNA and protein levels, fewer COCs with an increased collagen expression and with a more synchronous nuclear maturation. This suggests that the presence of luteinizing hormone activity tempered the effect of the elevated FSH dose.
INTRODUCTION
Follicle-stimulating hormone (FSH) and luteinizing hormone (LH) play a predominant role in follicle development. Follicle-stimulating hormone induces growth in the cohort of follicles that have reached the early antral stages and stimulates estrogen secretion and LH receptor synthesis in granulosa cells. During the final maturation and ovulation there is a complex interplay of cell-matrix-cytokine interactions for which gonadotropins laid the baseline during differentiation of the follicle [1] . The gonadotropin treatments used for ovarian stimulation in assisted reproduction techniques include urinary and recombinant FSH preparations as well as urinary menotropin preparations containing both FSH and LH activity. Recent prospective randomized studies comparing highly purified menotropin (HP-hMG) with recombinant FSH (rFSH)-controlled ovarian hyperstimulation protocols suggest a difference in folliculogenesis and embryo quality [2, 3] .
There is increasing evidence that cumulus cells (CCs) play an important role in the developmental capacity of the oocyte [4] , and it has been hypothesized that LH activity might have an impact on CC function [5] and prevent excessive luteinization [6] . This is in line with the current literature, because LH provokes, via the mural cells, an ovulation cascade in the cumulus involving not only extracellular matrix (ECM) formation and oocyte maturation, but also gene expression related to neuronal and inflammation processes that might create a protective environment for the oocyte [7] . Studies in natural cycles demonstrate that the LH surge induces mucification of CCs. During the mucification process, an expanded and viscoelastic ECM is formed, which plays a fundamental role in fertilization [4, 8] . Hyaluronan is the main molecule involved in this process, and it is organized in a meshlike network stabilized by ECM proteins and proteoglycans.
Collagen 6 is an unusual microfibrillar collagen that has been shown to be involved in cell adhesion, spreading, and differentiation [9, 10] . It has been demonstrated that collagen 6 binds, among other ECM components, hyaluronan with a relatively high affinity [11] , and interacts with integrins [12] . Its deposition has until now only been described among human theca cells [13] . It has not yet been described in CCs and has not been related to the ovulation process either. Considering its interaction with hyaluronan and integrins [11] , collagen 6 could be an important factor in the postovulatory response processes as well as a stabilizing component of the expanded cumulus.
Collagen type 4 was not detected in granulosa cells (GC) from growing human follicles but was expressed in the GC of periovulatory follicles and the corpus luteum [14] . Collagen 4 secretion by CCs has been demonstrated in the bovine model [15] . During cumulus expansion, deposition of collagen 4 increased after the rearrangement of microfilaments and morphological changes, promoting enlargement of the intercellular spaces in bovine CCs [15] . Collagen 4 was shown to bind to the cell surface via the integrin alpha 2b (ITGA2B) in human and rodents [16, 17] . The interaction of laminin, fibronectin, and collagen with their respective granulosa cell receptors regulates progesterone production [18] . Granulosa cell luteinization is associated with collagen 4 production in rat and human [19] [20] [21] . In vitro, grown granulosa cells from human and bovine follicles also had an increased deposition and conservation of collagen 4 during luteinization, regulated by human chorionic gonadotropin (hCG) exposure [14, 15, 22] . The relation of collagen 4 with both cumulus expansion and luteinization and its regulation by hCG makes it an interesting factor to investigate further.
The molecular mechanisms leading gonadotropins to regulate collagen expression are not known, but TGFB, a multifunctional cytokine that is a key regulator of ECM remodeling, might be a potential signaling pathway involved in this regulation. Gonadotropins regulate Tgfb1 and Tgfb2 and their downstream effectors in granulosa cells, and the pattern of expression varies between species and follicle stage [23] [24] [25] [26] . In mouse, injection of rFSH induced an increase of Tgfb2 expression and its protein levels in granulosa cells of antral follicles [23] . In human in vitro fertilization (IVF) treatments, TGFB1 in ovarian follicular fluid was downregulated by hMG compared with FSH ovarian hyperstimulation [27] . In various types of human cells and tissues, TGFB1 modulates collagen 4 and 6 expression, whereas TGFB2 has been shown to upregulate collagen 4 expression [28] [29] [30] [31] .
The effect of exposing follicles during growth to a minimal effective FSH level [32] or to a high-FSH environment associated or not with LH activity was studied. A mouse in vitro follicle culture model allows the growth of individual follicles in specific environments and permits a detailed assessment of the molecular changes occurring in the cumulus during antral growth [33] . Gene expressions of collagen 4A1, 4A2, and 6A2 were monitored in the cumulus in vitro during the antral follicle growth and in the hours after hCG stimulation. The potential role of TGFB1 and TGFB2 as early regulators in these processes was also assessed.
MATERIALS AND METHODS

In Vitro Follicle Culture
Female F1 mice (C57BL/6J 3 CBA/Ca; Charles River, Brussels, Belgium) were used for this study and were housed and bred according to national standards for animal care and approved by the ethics committee of the Vrije Universiteit Brussels (project no. 05-395-2). Ovaries of 12-to 14-day-old mice were collected in 2 ml of preincubated L15 collection medium prepared with L15-glutamax medium supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 lg/ml streptomycin, and 100 IU/ml penicillin (all from Gibco Invitrogen, Merelbeke, Belgium). Under a stereomicroscope (MZ8; Leica, Brussels, Belgium), preantral follicles were mechanically isolated from the ovaries with 26 3/8-G needles. A total of 10-12 follicles were individually cultured at one follicle per well in the E row of a 96-well plate (Costar; Elscolab, Kruibeke, Belgium) containing 75 ll of medium [33] . A total of 30 ll of conditioned medium was refreshed with preincubated culture medium every 3 days (Fig. 1) . The spent medium was pooled per culture plate and frozen at À808C for TGFB determination. All manipulations were done on a heated stage (378C) under a stereomicroscope, and cultured follicles were grown at 378C, 100% humidity and 5% CO 2 in air.
Culture Medium Composition
The basal culture medium was a-minimal essential medium with glutamax (a-MEM; Invitrogen) with 5% FBS, 5 lg/ml insulin, 5 lg/ml transferrin, and 5 ng/ml selenium (ITS; Sigma, Bornem, Belgium). From Days 0 to 6, 10 IU/L rFSH (Gonal-f; Serono, Geneva, Switzerland) supplemented the culture medium. After Day 6 and until Day 12, three different gonadotropin supplements were used (Fig. 1) . A first set of follicles was continuously cultured in a 10 IU/L rFSH-supplemented medium. A second set of follicles was exposed to 100 IU/L rFSH from Day 6. The third set was exposed to human HP-hMG (Menopur; Ferring Pharmaceuticals, Copenhagen, Denmark) with an equivalent 100 IU/L FSH and LH bioactivity from Day 6. A total of 100 IU of HP-hMG provides an immunoreactivity of 0.52 IU of LH and 13.2 IU of hCG, as published previously [34] . At the end of follicular growth (Day 12), meiotic resumption was induced by refreshing the media with culture media supplemented with 1200 IU/L rhCG (Ovitrelle; Serono) and 4 lg/L recombinant epidermal growth factor (rEGF; Roche, Mannheim, Germany) [35] (Fig. 1) . Overall, 17 culture experiments of 12-17 plates were set up. This resulted in 5-15 plates for each time point and condition.
Follicle Morphology Assessment
On Day 1, follicle diameter (110-130 lm), intact basal membrane, intact oocyte-granulosa cell connections, and theca cell presence were assessed under an inverted microscope at magnification 4003 (inverted microscope IX70; Olympus, Aartselaar, Belgium). On Days 3, 6, 9, and 12, follicle morphology was assessed under the inverted microscope, and the follicle development stage was classified as follicular, diffuse, or antral (Fig. 1) . The follicular stage is characterized by the preservation of the basal membrane of the follicle. The follicles are scored diffuse when the granulosa cells proliferate throughout the basal membrane, overgrowing the theca cell monolayer that has been formed. When an antral cavity formation was seen, differentiating the granulosa cells Up to Day 6, the follicular growth is determined by the development of a theca compartment (picture Day 3), followed by a strong granulosa cell proliferation, giving rise to a diffuse follicles (picture Day 6). From Day 6 on, an antral cavity starts to be formed (picture Days 9 and 12). At Day 12, almost all follicles contain competent oocytes and will produce a fully mucified COC 16 h after hCG administration.
into mural granulosa cells and CCs, the follicles were classified as antral. After the hCG stimulus, mucification was scored as the expansion of the CCs surrounding the oocyte being initiated or completed (involving also the most inner cells), and the oocyte's maturation stage was assessed. Germinal vesicle (GV), GV breakdown (GVBD), and polar body extrusion (PB) were scored as described previously [33, 36] .
Collection of CCs
From in vitro-grown follicles. To study the gene expression specifically in CCs throughout in vitro antral growth and after hCG stimulus, CCs were collected at Days 6, 9, and 12, and at 0, 4, 8, 12 , and 16 h after hCG exposure. In total, five replicate culture experiments were performed covering the antral growth phase, and 10 replicates covered the time course after hCG exposure. At Day 6, cells were collected as CCs only when an antral cavity separated them from the mural compartment. In Day 6 diffuse follicles, the cluster of granulosa cells surrounding the oocyte was collected as granulosa cells. For all samples, cells from five to eight follicles were pooled, frozen in cryovials in liquid nitrogen, and stored at À808C. For collagen protein localization, a culture with the three media covering the entire time course after hCG exposure was performed and resulted in five to eight cumulus-oocyte complexes (COCs) for each time point and condition. The COCs were fixed for immunocytochemistry and stored at 48C.
From in vivo-grown follicles. To study the gene expression in CCs at the end of in vivo antral growth, samples were collected from unprimed (25 days old) and primed prepubertal mice. Primed mice were injected with 20 IU rFSH every 24 h, and the collection was performed 48 h after the first injection (27 days old).
Presence of the collagen protein in in vivo-grown COCs was confirmed on samples obtained after 48 h of priming, and 16 h later after an additional 5 IU hCG (Chorulon; Intervet, Mechelen, Belgium) injection.
Cumulus-oocyte complexes were punctured from the large antral follicles of each ovary in preincubated L15 collection medium or were flushed from the ampulla (the condition 16 h after hCG). CCs from five to eight follicles were freed from the oocyte, pooled, and frozen in liquid nitrogen for expression analysis, or the intact COCs were fixed and stored at 48C for protein analysis. Collections were repeated three times with two mice for all conditions; five random samples from the three collections were analyzed for each condition with quantitative PCR; and the staining of collagen protein was repeated three times each time on at least five COCs per condition.
Gene Expression Analysis
Total RNA extraction and cDNA synthesis. Total RNA was extracted using the RNeasy Microkit (Qiagen, Venlo, the Netherlands) according to manufacturer's instructions. The protocol was optimized for small amounts of cells by adding 15 ng/ll poly(dA) (Roche Applied Science) and implementation of an on-column DNase treatment with 27 units of RNase-free DNase (Qiagen). Total RNA was eluted in 14 ll of RNase-free water and stored at À808C. In a total volume of 50 ll, 12 ll of the total RNA was reverse transcribed to cDNA using TaqMan Reverse Transcription Reagents (Applied Biosystems, Mannheim, Germany) with random hexamers as primer, and the appropriate negative controls were included.
Quantification of Col4a1, Col4a2, Col6a2, Tgfb1, and Tgfb2 cDNA by Quantitative PCR. The PCR primer design was performed using Universal Probe Library software (https://www.roche-applied-science.com/sis/rtpcr/upl/ index.jsp). Primers were selected to be complementary to the mouse sequence of Col4a1, Col4a2, Col6a2, Tgfb1, and Tgfb2 (Table 1 ) and were RNA specific except for Col4a2. As endogenous control, 18S ribosomal RNA was quantified in the samples (all of the primers were from Eurogentec, Seraing, Belgium). Real-time PCR was performed on a LightCycler 480 (Roche Diagnostics, Vilvoorde, Belgium) with LightCycler 480 SYBR Green I Master (Roche Diagnostics). In a final reaction volume of 20 ll, primers were at a final concentration of 0.6 lM, and 2 ll of cDNA was used. The PCR steps were 10 min at 958C followed by cycles of 10 sec at 958C, 30 sec at 608C, and 1 sec at 728C, with 40 cycles for Col4a1, Col4a2, and Col6a2, and 50 cycles for Tgfb1 and Tgfb2 detection. A dilution series of a synthetic oligonucleotide corresponding to the amplicon sequence was simultaneously run to enable quantification. The specificity of the PCR products was assured once by sequencing and subsequently by the melting-curve analysis performed at the end of the last amplification cycle. Because the cumulus formation was initiated at Day 6, the average amount of collagen in the CCs from Day 6 antral follicles was considered the basal expression level. All further expression levels were related to the average expression of this time point.
Immunocytochemistry
Cumulus-oocyte complexes were collected after in vivo or in vitro growth, washed under the stereomicroscope, pooled per condition, and transferred to a well of a 96-well plate. The COCs were washed two times in PBS prior to fixation in 2% paraformaldehyde for 30 min at room temperature and were stored in PBS at 48C.
The staining was based on a method published previously [37] , with all steps performed at room temperature and during 15 min unless stated differently below. After saturation with 100 mM glycine in PBS, COCs were washed twice in PBS and transferred to 0.2% Triton X-100 PBS and blocked in 10% normal goat serum (NGS) in PBS. After an overnight incubation at 48C with purified rabbit anti-mouse type IV collagen (1:500; Novotec, Lyon, France), 1.5% NGS, and 1% dimethyl sulfoxide (DMSO) PBS, COCs were washed twice in 0.02% Triton X-100 and 1.5% NGS PBS. Subsequently, an incubation with secondary antibody Alexa Fluor488-labeled goat anti-rabbit immunoglobulin G (A-11008; 1:200; Invitrogen) in PBS with 1.5% NGS and 1% DMSO was performed for 2 h at room temperature. After washing two times in 0.02% Triton X-100 and 1.5% NGS PBS, COCs were mounted on glass coverslips in microdroplets of glycerol or once in Vectashield with 4 0 ,6 0 -diamidino-2-phenylindole (DAPI; Vector Laboratories, Brussels, Belgium).
As a negative control, the primary antibody was omitted when staining in vivo-grown, 16 h post-hCG COCs. Specificity of the antibody binding was proven by a preabsorption control, where an overnight preabsorption was performed at 48C with 4 lg and 2 lg of Collagen 4 (Collagen 4 from Engelbreth-Holm-Swan murine sarcoma basement membrane; Sigma). Confocal scanning microscopy with an argon-krypton laser (488/568; IX70 Fluoview 200; Olympus) was performed to record the fluorescent and differential interference contrast images. All images from different experimental conditions and controls were collected under identical confocal settings within a short time span after staining.
ELISA for TGFB1
The total amount of TGFB1 protein was measured in the spent media collected per plate during follicular growth at Days 3, 6, 9, and 12 (with distinct media from the three gonadotropin regimes in the two latest time points) and the proper media controls, all stored at À808C prior to use. Measurement was performed using the human TGFB1 ELISA (Biosource, Nivelles, Belgium), with a proven cross-reactivity with mouse TGFB1, according to the manufacturer's guidelines but modified so that in the pretreatment of the samples the dilution factor was reduced to half and the substrate/color reaction was extended to 30 min. All samples were analyzed in duplicate in one assay. According to the supplier, the average intraassay coefficient of variation is 6.7%, and the sensitivity of the assay is 23.76 pg/ml. In the current setting, the average coefficient of variation based on the standard dilution and samples was 7%, and the lowest detection point was 0.27 ng/ml.
Statistic Analysis
Follicle culture end points, expressed in percent, were subjected to arcsine transformation and analyzed by one-way ANOVA. When a significant difference was defined by ANOVA, groups were compared with the Tukey posttest. For analysis concerning only two groups, an unpaired t-test was used. 
RESULTS
Effect of Different Gonadotropin Regimes on Antral Growth and CC Gene Expression
Follicle development. On Day 6, antrum formation was initiated in 48% of the follicles, whereas the remaining follicles were still diffuse. Up to Day 9, follicular growth was comparable, with 73%, 84%, and 78% of the follicles grown in 10 IU/L rFSH, 100 IU/L rFSH, and 100 IU/L HP-hMG, respectively, being antral (P . 0.05). By Day 12, the follicle morphology was different between the 10 IU/L rFSH and both 100 IU/L conditions (Fig. 2 ). Significantly more follicles had formed into differentiated follicles with clear antral cavities in the 10 IU/L rFSH (88%) compared with the two high-FSH concentration conditions of 100 IU/L rFSH and 100 IU/L HPhMG (41% and 50%). Of the follicles grown in 100 IU/L rFSH and 100 IU/L HP-hMG, 58% and 47%, respectively, demonstrated a larger cumulus complex, which resulted in a partial covering of the antral cavity (Fig. 2, dark follicle) . In the HP-hMG group, follicle morphology was intermediate: although follicles were darker and cumulus layers thicker than in 10 IU/L rFSH, the antrallike cavities were more visible than in the 100 IU/L rFSH.
Oocyte diameters. Oocyte diameters from in vitro-grown follicles were similar at Days 9 and 12 between the three gonadotropin environments (P . 0.05). From Days 9 to 12, average oocyte diameters increased from 70.5 6 2.8 lm to 71.8 6 3.0 lm (average 6 SD; P , 0.001), corresponding to the maximal diameters observed in in vitro-grown follicles [33] . After hCG administration, oocytes resumed meiosis and extruded a PB, which reduced their size to 70.9 6 2.3 lm (P , 0.001). Again, the diameters were similar between all conditions.
Collagen expression in CCs from in vitro-grown follicles. On Day 6, the amounts of the three collagen subtypes decreased with the differentiation from granulosa to CCs, because the average expression 6 SD of collagens 4A1, 4A2, and 6A2 were, respectively, 18 6 14, 8 6 7, and 2.5 6 2.3 in the GC lining the oocyte of Day 6 diffuse follicles, and 1 6 0.9, 1 6 0.8, and 1 6 0.7 in CCs of Day 6 antral follicles (P , 0.01, P , 0.01, and P ¼ 0.081). During the entire antral growth phase, collagen expression in CCs remained at the basal expression level in the 10 IU/L rFSH condition (P . 0.05; Fig. 3 ). Exposure of the follicles to a 100 IU/L rFSH concentration upregulated the average expression on Day 12 for collagens 4A1, 4A2, and 6A2 (P , 0.05; Fig. 3 ). Although average expression increased also in the 100 IU/L HP-hMG conditions, the fraction of follicles having a collagen expression higher than the range found in the 10 IU/L rFSH condition was much smaller when follicles were grown in 100 IU/L HP-hMG compared with 100 IU/L rFSH ( Table 2) .
Collagen expression in CCs from in vivo-grown follicles. The collagen 4A1 and collagen 4A2 expression levels in the CCs from in vivo-grown follicles without priming were similar to the level observed in CCs in vitro at Day 6. Collagen 6A2 expression was 2.5 times lower than the in vitro basal level. When the animals were primed with rFSH, CC expressions of collagens 4A1, 4A2, and 6A2 were 30, 20, and 4 times enhanced, respectively (P , 0.05; Table 3 ). Similar to the in vitro conditions, exposure to high-rFSH dose augmented collagens 4A1, 4A2, and 6A2 expression in vivo.
Correlation between collagen 4A1, collagen 4A2, and collagen 6A2 expression. Pearson analysis indicated correlations between the expression ratios of the three different collagen types on Day 12 (P , 0.001). Between collagens 4A1 and 4A2, collagens 4A1 and 6A2, and collagens 4A2 and 6A2, the R 2 values were 0.91, 0.44, and 0.49, respectively. Slopes after linear regression defined that the ratio of Col4a2:Col4a1 mRNA was 0.5 in all three conditions and time points; a representative example is depicted in Figure 4 .
Effect of Different Gonadotropin Regimes on the Postovulatory Processes
Mucification of the COCs. Following the hCG stimulus, no mucification was detected before 8 h, independent of the media in which the COCs were grown. From 8 h onward, partial and fully mucified COCs were observed. The COCs originating from follicles grown in either 100 IU/L rFSH or 100 IU/L HP-hMG took longer to complete their mucification (P , 0.05; Fig. 5 ).
Reinitiation of oocyte maturation. No differences were observed in the meiotic maturation from 0 to 8 h after hCG, but at 12 h a significant fraction of the oocytes grown in 100 IU/L rFSH were still in the GV stage (P , 0.05; Fig. 6 ). The GVBD and PB formations were not significantly different. However, compared with the 10 IU/L rFSH condition, both 100 IU/L FSH conditions tended to be slightly delayed in PB extrusion (P . 0.05).
Collagen 4A1, 4A2, and 6A2 expression patterns in the CC during the ovulatory response. In the first hours following the ovulatory dose of hCG, collagen 4A1, 4A2, and 6A2 expression patterns from in vitro-grown follicles were different depending on the gonadotropin conditions (Fig. 7) . For collagens 4A1 and 4A2, the increase in gene expression occurred faster in both 100 IU/L conditions and remained higher for collagens 4A1 and 4A2 up to 8 h after ovulation induction compared with the 10 IU/L rFSH. The increased levels of collagen types 4 detected on Day 12 in 100 IU/L rFSH 5 . Mucification of the COCs in the time following hCG administration after growth in the three media. Mucification was scored per plate and was: À, no mucification detectable (black bar); þ/À, mucification is detectable in the most outer CCs of the COC, but the inner CCs are still compacted (hatched bar); and þ, inner and outer CCs are clearly expanded (dotted bar). Bars represent average % 6 SEM. Note that SEMs were added for each score, time point, and condition but are often extremely small and do not light up in this graph. Statistic analysis between the three culture conditions was performed per time point, and different letters indicate difference (P , 0.05) for ANOVA and Tukey posttest in both percent partially mucified and percent fully mucified. n is 5, 9, and 8 for 10U/l rFSH, 100 IU/L rFSH, and 100 IU/L HP-hMG, respectively, at each time point. n ¼ Number of plates.
correspond to the values found at 4 h after ovulation induction for growth in 10 IU/L rFSH. Collagen 6A2 was also augmented up to 8 h if follicles were grown in the two superovulation media, but was only significantly increased if they were exposed to rFSH alone (P , 0.05; Fig. 7) . At 4 and 8 h after hCG, the follicles grown in 100 IU/L HP-hMG had a smaller proportion of COCs with increased Col6a2 expression-50% and 33%, respectively, compared with 100% and 83% in the 100 IU/L rFSH condition (P , 0.05). This is an observation similar to that made at the end of the follicular growth phase (Table 2 ) and explains why HP-hMG and 10 IU/ L rFSH conditions are not statistically different at these time points. By 12 h after hCG exposure, all the conditions presented a similar collagen expression and further increase up to 16 h (Fig. 7) .
Collagen 4 Localization
Results obtained with the antibody recognizing COL4A1 and COL4A2 indicated a high collagen 4 concentration in the follicular basement membrane (Fig. 8g ) and theca cells (Fig. 8i) of controls. Cumulus-oocyte complexes originating from in vivo (Fig. 8, g and h ) or in vitro (Fig. 8, a-e) also contained Collagen 4. Staining was apparent in some compact COCs from 0 h onward and increased with time following the hCG stimulus to be clearly detectable in every COC from 12 h onward and intensified up to 16 h (Fig. 8, a-e) . This pattern 
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was apparent in COCs grown in the three different gonadotropin conditions and was also observed comparing the 0 h and 16 h post-hCG, in vivo-grown COCs (Fig. 8, g and h) . In the compacted COCs, collagen protein staining was more like spots between the CCs, whereas the mucified COCs were more uniformly stained and the collagen protein proved to be associated with the CC membrane, where it was more cytoplasmic in the theca (Fig. 8, j and k) .
Relation Between Tgfb1 and Tgfb2 Expression and the FSHInduced Collagen Expression in CCs
On Day 12, Tgfb2 mRNA was traceable in the CCs but not quantifiable. Tgfb1 mRNA, on the other hand, was present in all of the CCs of the fully grown follicle at Day 12. In the fully grown antral follicle, Tgfb1 expression levels were elevated in the COCs grown in 100 IU/L HP-hMG compared with the levels observed in the 100 IU/L rFSH population, whereas the COCs from the 10 IU/L rFSH were not different from either of the two other conditions (Fig. 9) . The Tgfb1 expression values were not correlated with the expression of collagens 4A1, 4A2, and 6A2 of the same samples. TGFB1 protein was secreted by (8 h) . Staining at these time points could not be associated with specific cells and seems more like spots between the cells. d and e) At 12 and 16 h after hCG, all COCs from in the vitro-grown follicles clearly expressed COL4 protein, which seems to be associated with the CC membrane (magnified in j). f-h) Controls: secondary follicle (g) and in vivo-grown COC (48 h rFSH-primed mice) collected prior to (g) or 16 h after hCG administration (f and h). The negative precomplexation control with 1 lg of collagen 4 showed some aspecific staining in the oocyte together with some complexed secondary antibody sticking to the outside of the COC (f ). COL4 protein was also detectable prior to hCG administration and increased after hCG in in vivo-grown COCs. The applied settings are overexposing the follicle (g), indicating a higher concentration of collagen in the basement membrane. i) In vitrogrown antral follicle stained for collagen 4 (alpha 1 and 2). Staining is strongest in the theca cells and is cytoplasmic. Some dots in the granulosa compartment can be seen, but they are faint at this intensity. k) Magnified image of an in vitro-grown antral follicle in double staining for collagen 4 (green) and nuclear staining (DAPI, blue), with a single layer of theca cells (TC) on the outside and multilayers of granulosa cells (GC) on the inside. Bars ¼ 50 lm (a-c and g); 100 lm (d-f, h, and i); and 20 lm (j and k).
FIG. 9.
Tgfb1 expression in cumulus after growth in three different gonadotropin regimes. Boxes and whiskers represent total range and quartiles. n is 14, 14, and 15 for 10 IU/l rFSH, 100 IU/l rFSH, and 100 IU/l HP-hMG, respectively. n ¼ Number of samples. *Expression in 100 IU/l HP-hMG is higher than in the 100 IU/l rFSH condition. Boxes extend from 25th to the 75th percentile with a line at the median; the bars represent the two outer percentiles.
OVARIAN STIMULATION EFFECT ON CC GENE EXPRESSION
follicles during the preantral growth phase (Days 3 and 6) , because it was detected in two of three samples for both days (average 6 SD, 0.94 6 1.31 ng/ml and 1.1 6 1.85 ng/ml). TGFB1 was below the detection limit (,0.27 ng/ml) in medium originating from the antral growth period (Day 9). At the end of antral growth (Day 12), TGFB levels were still below the detection limit for 3 of 4 and 4 of 4 samples in 10 IU/ L and 100 IU/L rFSH conditions, respectively, whereas this was only the case for 1 of 4 samples of the 100 IU/L HP-hMG condition, giving an average expression of 0.82 6 0.68 ng/ml. This indicates a higher TGFB1 protein production in the follicles exposed to 100 IU/L HP-hMG compared with 100 IU/ L rFSH (ANOVA P ¼ 0.033; Tukey P , 0.05).
DISCUSSION
Cumulus cells play an important role during the final growth and maturation of the oocyte. A major event occurring in the CCs during their final growth phase is the formation of an ECM. Disruption of this ECM formation reduces fertility, as has been shown in several animal models [4] . Folliclestimulating hormone and LH have a distinct but complementary role during the entire follicular growth phase and final oocyte maturation. It is currently unknown whether gonadotropin doses and composition influence the ECM formation during follicle growth and the ovulation process. Collagens are described to be present in the follicle before and after ovulation and are related to proliferation, steroidogenesis, and luteinization. In a mouse follicle culture system, large numbers of early secondary follicles were grown under homogeneous conditions, with FSH dose and presence of LH activity as the sole variables. This study revealed that exposure to a 10-fold increase of the minimal essential FSH dose for follicle survival (i.e., 10 IU/L) [32] significantly influenced granulosa differentiation, leading to extremely large cumulus complexes. This effect can be understood by the well-known mitotic action of FSH on granulosa cells, where the CCs are the last ones proliferating [17, 38, 39] . Whether the larger cumulus in the superovulation conditions results in an abnormal differentiation of the CCs or only coexists remains unanswered. However, several genes expressed by granulosa/cumulus show a centripetal diffusion pattern dictated by oocyte-secreted factors. It is suggested that incompetence of the oocyte to secrete these factors results in aberrant expression patterns and failure of mucification in the CC, and it leads to an impaired developmental competence of the oocyte [40] . In this respect, the larger cumulus complexes might be more demanding on the oocyte and could have a negative impact.
The collagen 4 protein was detectable in the basement membrane of the growing follicles and in theca cells, as could be expected from earlier studies in cattle and mice [41, 42] . When analyzing specifically the COCs from in vivo-and in vitro-grown follicles by confocal microscopy, these also were shown to contain some collagen protein, even prior to the administration of hCG. Collagen was detected in a fraction of the COCs up to 8 h after hCG administration, was clearly detectable in all COCs from 12 h onward, and intensified up to 16 h independently of the gonadotropin condition. In the compacted COCs, spots between the CCs were scattered all over the COCs. In some samples, staining seemed to be localized in one part of the follicle (Fig. 8b) . The mucified COCs were more uniformly stained, and the collagen proved to be associated with the CC membrane. This localization is comparable to findings in bovine COCs exposed for 24 h to a mixture of FSH and LH [15] . Using mRNA expression analysis, a more sensitive quantitative analysis could be performed between the different time points and gonadotropin exposures. Under minimal stimulation (10 IU/L rFSH), collagen expression in granulosa was clearly downregulated (18-fold, 8-fold, and 2.5-fold for collagens 4A1, 4A2, and 6A2, respectively) as soon as a defined cumulus compartment was formed. These findings are in line with data in the bovine model describing a higher expression of the collagen 4 subtypes in the outer mural granulosa cell layers in the growing follicle [43] . After administration of the ovulatory dose of hCG in the 10 IU/L rFSH condition, collagen 4A1 and 4A2 expressions were induced from 4 h and collagen 6A2 from 12 h onward. This increase over time confirms the collagen 4 protein pattern observed in this study and could help to further elucidate the specific action and regulation of the collagens in the cumulus. Col4a1 and Col4a2 genes are regulated by a common bidirectional promoter. The Col4a1:Col4a2 mRNA ratio in this study was 2 for all conditions and time points, indicating that the collagen 4 formed is the well-known alpha1, alpha1, alpha2 triple-helix conformation [44] . The correlations between the collagen 4 and 6 values also suggest a common regulation, although they belong to two different collagen families-the network-forming and fibril-associated collagens, respectively. A colocalization and interaction between collagen 4 and 6 has been described in muscle cells, where they were involved in the physical link between the ECM and the intracellular filaments of the cell [45] .
The 3-fold, 1.8-fold, and 1.8-fold increased expressions of collagens 4A1, 4A2, and 6A2, respectively, in the CC from early antral (Day 6) up to the preovulatory follicle (Day 12) in the 100 IU/L rFSH condition are remarkable, because such expression levels are only detected 4 or 12 h after ovulation in the 10 IU/L rFSH condition. The higher FSH dose during antral growth in the 100 IU/L rFSH and 100 IU/L HP-hMG conditions also induced an advanced upregulation of collagen 4 and resulted in a higher expression up to 8 h after administration of the ovulatory hCG dose for collagens 4A1, 4A2, and 6A2. The increased expression of collagens 4A1, 4A2, and 6A2 in the CCs during follicular growth in the 100 IU/L rFSH condition might thus result either from a partial differentiation of the cumulus or from an early initiation of the ovulation response.
During antral growth (from Day 6 to Day 12) [32, 36] and under higher FSH concentrations, estradiol production [34, 37] was shown to be induced in this model. A strong estradiol production occurred in the three conditions and mainly from Days 6 to 9, whereas the collagen increase was mainly observed from Days 9 to 12 and only when exposed to the higher FSH doses. Estradiol is known to reduce gene transcription of type 4 collagen in several murine tissues, like kidney [31] and mesangial cells [46] . In summary, estradiol does not seem to be the main regulator in the CC. Studies on mouse follicles [47] and on human granulosa cells [14] demonstrated a positive relation between collagen 4 and progesterone production, and collagen 4 expression was highest in the luteal cells [14] . Higher FSH doses resulted also in more progesterone production in our model [36, 44] . This fits with the observations here, where a higher collagen expression in the superovulation conditions occurred at the end of follicular growth and points toward an early luteinization [34, 37] . In the human, an autocrine loop of regulation has been proposed: LH induces collagen 4, which then interacts with luteinizing granulosa [14] . These data suggest that the increased amount of collagen in the cumulus of the fully grown (pre-hCG) follicle might be prognostic for a less favorable oocyte environment and reduced oocyte competence. The fact that not all COCs analyzed prior to 12 h after hCG 1022 stained for collagen protein suggests that comparing average expression levels may not be the ideal way to interpret the final data. Comparing the proportions of COCs with normal (within the range observed after growth in 10 IU/L rFSH, which were also comparable to levels observed in the in vivo control for Col4a1 and Col4a2) or increased collagen levels indicated that about 50% of the COCs exposed to 100 IU/L rFSH had increased collagen 4A1 and 4A2 levels, whereas this was 20% or 27% if the COCs were grown in 100 IU/L HP-hMG. For Col6a2, the average in vitro level observed at Day 12 in the 10 IU/L rFSH condition was higher than the one observed in the in vivo control COCs. Nevertheless, a similar observation could be made between the three experimental conditions, with COCs grown in 100 IU/L HP-hMG being less affected than those grown in 100 IU/L rFSH, and with only a limited fraction of COCs having an increase in Col6a2 expression at 0, 4, and 8 h. Furthermore, the average Col6a2 expression in the 100 IU/L HP-hMG condition was never significantly different from the control condition.
TGFB is held responsible for the synthesis and secretion of several ECM components in several cell types. The upregulation of collagen (types 1, 4, and 7) is mainly dependent on TGFB, with the connective tissue growth factor (CTGF) as a mediator [28, 29] . The CTGF has also been described as a paracrine regulator of LH action in the human corpus luteum [48] , which confirms the possible role of TGFB. In mouse, Tgfb1 and Tgfb2 are both expressed in granulosa cells. TGFB1 has been immunolocalized in granulosa, theca interna, and oocyte, and TGFB2 was restricted to the GC and oocyte [23] . In this study, CCs produced predominantly Tgfb1 mRNA, and Tgfb2 was not quantifiable independent of gonadotropin dose and composition. In fibroblasts, elevation of cAMP levels has been found to downregulate the action of TGFB-inducible genes (including the Collagens) [28] , and the higher rFSH concentration or the additional LH in the HP-hMG might have induced an increased cAMP. This mechanism cannot explain the upregulation of collagens observed in both superovulation conditions, but it might be responsible for the fact that fewer COCs grown in the 100 IU/L HP-hMG had increased collagen levels compared with the 100 IU/L rFSH. A direct regulation of cAMP on Tgfb1 expression is unlikely, because there is no cAMP-responsive element (CRE) sequence described in the Tgfb1 promotor, unlike Tgfb2, which does contain a CRE region. Also, given the fact that CCs express only a limited number of luteinizing hormone receptors, the induction of Tgfb1 observed in the cumulus would more likely depend on a paracrine factor induced by LH, such as the prostaglandins, EGF [49] , or cytokines [50] , and might explain why there is no strong correlation between collagen and Tgfb1 expression levels. A differential TGFB profile between the two superovulation media applied in this study has been described for the follicle fluid of IVF patients that was collected 36 h after hCG [27] . In the current study, the higher Tgfb1 mRNA level in the cumulus coincided with a higher TGFB1 content in the medium collected from the fully grown pre-hCG follicle, and thus confirms that a differential TGFB profile occurred in the two preparations. Although we did not measure the active proportion of TGFB1 in the medium, it is interesting to know that TGFB can not only stimulate ECM formation [51] but also inhibit the hCG-induced accumulation of androgens in rat ovary dispersates [52] and limit collagen expression if estradiol is added together with TGFB [31, 46] . Because the fully grown COCs also reside in an estrogenic environment and TGFB1 production was only observed in the 100 IU/L HP-hMG, this might explain the higher proportion of COCs within the normal expression range observed in the 100 IU/L HP-hMG condition.
The fact that also other follicular compartments are influenced by the differences in the gonadotropin preparations is confirmed in other recent experiments from our laboratory, demonstrating that when follicles are exposed during their antral growth phase either to HP-hMG or rFSH, several cytokines are significantly increased by the former preparation [50] . This suggests that the theca and mural compartments are additionally triggered by the LH component of the HP-hMG, which results in a particular increased cytokine profile, which could also influence the COCs.
The differences in follicle morphology and CC status in preovulatory follicles as detected by the CC collagen expression were accompanied by a delayed mucification in both gonadotropin preparations and a delayed meiotic progression in 20% of the follicles grown in 100 IU/L rFSH alone. At 12 h, oocytes exposed to 100 IU/L rFSH during the antral phase were delayed in the resumption of meiotic maturation compared with the 10 IU/L rFSH and 100 IU/L HP-hMG conditions, an effect that was no longer detectable at 16 h after ovulation induction. Microarray analysis performed on human CCs collected from IVF patients superovulated with the same gonadotropin preparations also indicated significant differences in expression of collagen and other ECM-related genes [53, 54] , confirming the ovulation response in the CCs might be influenced by the gonadotropin balance. Although a slower progression of nuclear maturation in rFSH-stimulated cycles in human has not been reported yet, it might have been missed easily, because the stripping off of the cumulus in intracytoplasmic sperm injection is done at 38-40 h after hCG injection, and in IVF it is 18 h after insemination at the earliest. The altered cumulus expression and the delay in maturation of oocytes might have no effect for intracytoplasmic sperm injection, because cumulus is removed anyway, and a series of fertilization checkpoints are bypassed. In IVF, the delay in maturation might lead to an asynchrony with downstream effects on developmental competence [55] .
In conclusion, the exposure of follicles during antral growth and maturation to increased doses of FSH as used in superovulation protocols resulted in altered collagen 4A1, 4A2, and 6A2 expression patterns in CCs and slowed down mucification and nuclear maturation. The altered collagen expression might be a sign of a differentiation of the CCs into mural-type granulosa cells because of the increased proliferation in the cumulus, but it is most likely associated with a precocious luteinization in the cumulus. The presence of LH activity in HP-hMG prevented, in part, the overmaturity of the cumulus induced by the elevated rFSH doses, because more COCs demonstrated a physiological collagen expression level, resulting in a more homogeneous COC population with a more synchronous maturation timing. Our data suggest that the changes in collagen expression are not directly related to the Tgfb1 expression. Increased TGFB1 RNA and protein levels were observed in the HP-hMG condition, suggesting that the granulosa and theca compartments are also influenced by the LH component of the HP-hMG preparation.
